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E-mail address: robertmo@bgu.ac.il (R. MoskovitchWe designed and implemented a generic search engine (Vaidurya), as part of our Digital clinical-Guide-
line Library (DeGeL) framework. Two search methods were implemented in addition to full-text search:
(1) concept-based search, which relies on pre-indexing the guidelines in a clinically meaningful fashion,
and (2) context-sensitive search, which relies on ﬁrst semi-structuring the guidelines according to a given
ontology, then searching for terms within speciﬁc labeled text segments. The Vaidurya engine is fully
functional and is used within the DeGeL system. We describe the Vaidurya ontological and algorithmic
framework; we also brieﬂy summarize the results of a detailed evaluation in the clinical-guideline
domain, demonstrating that both concept-based and context-sensitive ontology-independent search
are highly feasible and signiﬁcantly improve on free text search retrieval performance. We conclude
by analyzing the limitations and advantages of the approach, and the steps that we have started to take
to extend it based on user feedback.
 2008 Elsevier Inc. All rights reserved.1. Introduction
Effective search and retrieval of relevant documents has
become crucial with the recent growth in digital literature, in gen-
eral, and the medical literature, in particular [1]. The requirement
for effective retrieval is especially crucial when searching for a clin-
ical-guideline to manage a particular patient or a group of patients
at the point of care, or when assessing retrospectively the quality
of care that should have been administered according to one or
more established state-of-the-art guidelines. The need has become
further emphasized by the recent trend towards provision of auto-
mated support to guideline-based clinical care, and search engines
must consider the special requirements introduced by the process
of structuring guidelines for such a purpose. As we demonstrate in
our study, exploitation of that structuring is both quite feasible and
beneﬁcial.
Typically, documents are retrieved using traditional full-text
search, as originally described by Salton and McGill [2], however,
this approach is not accurate enough and does not exploit the po-
tential existence of rich domain-speciﬁc knowledge, which is com-
mon in the medical domain, and especially when searching for
clinical-guidelines appropriate for application to a speciﬁc patient.
For example, the medical domain offers controlled vocabularies
and various tools for using them, such as the Uniﬁed Medical Lan-
guage System (UMLS) [3]. Current search methods, such as the onell rights reserved.
).used in Medline, index documents according to the MeSH concep-
tual hierarchy [4], either manually or by automatic means, such as
the MetaMap tool [5]. Thus, a textual query is also converted into a
set of representative concepts, which are matched to the indexed
documents, leading to a concept-based search. Such approaches,
however, do not fully exploit the hierarchical relations among
the concepts, such as the semantics of parent and child links, and
thus do not necessarily lead to an improvement over traditional
full-text search [6].
Furthermore, medical documents often have an explicit and
meaningful internal structure. For example, medical documents
usually include sections such as ‘‘Introduction” and ‘‘Discussion”,
while clinical-guideline documents often contain even more
semantically meaningful segments, such as ‘‘Description of the eli-
gible population” or ‘‘Objectives”. Such a structure can support a
context-sensitive search, in which terms are searched only within
certain meaningful segments of the documents, potentially
enhancing the precision of the retrieval process.
Both of these avenues for enhancement of the search precision
have been explored in our study and were found to indeed be fruit-
ful. In this paper, we describe in detail Vaidurya—a search engine
that uses concept-based and context-sensitive search in addition
to the traditional full-text search. For example, Vaidurya explicitly
capitalizes on the existence of external conceptual hierarchies,
exploits the semantics of their inner structure, and enables the
user to specify certain logical relations among them.
Vaidurya [7] is a search engine originally developed for retrieval
of clinical-guidelines within our digital guideline library, DeGeL
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application of clinical-guidelines. As we describe below, retrieval of
suitable guidelines for care of particular chronic patients is an
important and highly motivating objective. However, the Vaidurya
search engine was designed to be quite generic, and is appropriate
for search and retrieval within any collection of structured and in-
dexed documents for which certain ontological assumptions hold,
a situation that is most common in medical domains. Other exam-
ples include collections of articles in biomedical domains, as we
had recently demonstrated in the case of the Trec Genomics collec-
tion [9]. Throughout this paper, we will exemplify our new ap-
proach to concept-based and context-sensitive search using the
example of searching within a clinical-guideline library, a sub-do-
main in which we had rigorously and quantitatively evaluated our
framework. For the purposes of that evaluation, reported else-
where [10,11], we used the National Guideline Clearinghouse
(NGC1.) clinical-guideline collection, and its internal hierarchical
structure, which we brieﬂy describe in Section 3.6.
In this paper, we present in detail the Vaidurya system’s com-
putational infrastructure and present brieﬂy an integrated view
of the results of its evaluation. We start by introducing the domain
of supporting clinical-guideline retrieval and application; then we
proceed with introducing concept-based and context-sensitive
search; we continue by describing Vaidurya’s computational archi-
tecture and by summarizing the results of its evaluation in the
guideline domain. Although we had evaluated the methodology
within a particular guideline ontology and set of conceptual indi-
ces, the results are independent of the particular guideline ontol-
ogy and conceptual hierarchy used. We conclude by presenting
our overall insights regarding the limitations and advantages of
the Vaidurya framework, and the speciﬁc measures that we had al-
ready taken to overcome some of its limitations.
2. Background
We start by introducing the need for effective search and retrie-
val of electronically represented clinical practice guidelines. We
then introduce in more detail the ideas of concept-based search
and context-sensitive search, before focusing on our speciﬁc
methods.
2.1. Clinical practice guidelines
Clinical practice guidelines (CPGs), are deﬁned by the Institute of
Medicine as ‘‘systematically developed statements to assist practi-
tioner and patient decisions about appropriate health care for spe-
ciﬁc clinical circumstances” [12,13]. CPGs are most useful at the
point of care, in particular, when the care provider prescribes a
speciﬁc care plan. Extensive evidence exists that conforming to
state-of-the-art guidelines improves the quality of medical care
[14–16], while potentially, at least in the longer term, reducing
its escalating costs.
Currently, CPGs are usually represented in free text, which pro-
vides little support for automated application of the CPGs at the
point of care. Several structured representation formats, or CPG
ontologies, have been proposed; their objective is to represent clin-
ical-guidelines in a semi-structured, and eventually a completely
structured, machine-comprehensible format [12,17–23]. However,
currently most guidelines exist in a free text or a semi-structured
textual format.
Even if the CPGs are organized within a digital library, it is of
paramount importance to search and retrieve them effectively
and with high precision relative to the user’s needs, whether these1 http://www.guideline.gov.include therapy of a particular patient, structuring of a certain CPG,
or a retrospective assessment of the quality of care of a group of
patients relative to a particular guideline or a set of guidelines.
The growing interest in the use of CPGs and their adoption had
led to the creation of several CPG web sites and search engines. The
Guideline International Network (G-I-N2.), which includes CPGs from
a wide list of countries, enables its members to browse and perform
full-text search. The Guidelines Finder3 contains CPGs from the UK
and offers a basic text-based search to access free text CPGs. The
NGC, an initiative of the Agency for Health Research and Quality
(AHRQ), contains CPGs from different web portals in a uniform inter-
nal structure that are indexed along MeSH concepts; as we describe
later in this paper, we used the NGC resource extensively in our eval-
uation. However, unlike the DeGeL library, most digital libraries pro-
vide mainly unstructured free text CPGs and for the most part offer
basic search techniques, based on terms and keywords.
The DeGeL library [8] represents CPGs using a meta-ontology
format as well as a set of speciﬁc guideline ontologies. Ontology-
independent elements, such as documentation details and seman-
tic classiﬁcation indices, are common to every CPG, regardless of
the speciﬁc ontology, such as Asbru, which is used to represent
the CPG’s content.
To support concept-based indexing and search, seven semantic
axes (concept hierarchies) are deﬁned within DeGeL, based on
MeSH and UMLS. For example, disorders (e.g., ischemic heart dis-
ease), therapies (e.g., irradiation), symptoms and signs (e.g., abdom-
inal pain and elevated rectal temperature, respectively), etc. Each
CPG can be classiﬁed, using the IndexiGuide tool [8], along multiple
sub-concepts—one or more within each semantic axis.
To support the conversion of free text CPGs into a machine-
comprehensible representation, and to support context-sensitive
search and retrieval of the guidelines, the DeGel architecture in-
cludes a set of web-based tools for incremental conversion of a
CPG into one of a several CPG-speciﬁcation ontologies. The DeGeL
tools enable a team of a clinical editor and a knowledge engineer to
gradually structure a guideline into increasingly formal formats at
several representation levels, working separately and/or together
(depending on the representation level). The CPG-speciﬁcation
process starts with a semantic markup process, using a structuring
(mark-up) tool called URUZ [8], in which segments of the CPG’s text
are labeled by semantic tags from the chosen guideline ontology
(e.g., ‘‘eligibility conditions” or ‘‘outcome objectives”) of one of
the CPG ontologies implemented in DeGeL. These labeled seg-
ments, each representing a context, are highly useful for context-
sensitive retrieval of the guideline (as well as for supporting its
automated application). The DeGeL library’s four guideline repre-
sentation levels (formats) include a full-text format, a semi-struc-
tured text format (labeled by guideline-ontological semantic tags),
a semi-formal representation (including control operators such as
In Parallel) and a fully structured, machine-executable representa-
tion. The Vaidurya search engine uses the full-text and the semi-
structured representations.
2.2. Concept-based search
Many digital libraries are indexed in a hierarchical structure;
examples include the well known web portal Yahoo!, which uses
its own hierarchical concepts structure, and the NGC library, which
uses MeSH- and UMLS-based hierarchical conceptual structures:
Disorders and Therapies. These sites allow the user to browse
through the concepts using the hierarchical structure, starting
from its roots, and ending at the most speciﬁc concepts, located2 http://www.g-i-n.net.
3 http://libraries.nelh.nhs.uk/guidelinesFinder.
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igate the conceptual hierarchical structure. In these directories
searches can be limited to a speciﬁc concept and its sub-concept
contents. However, while in Web directories documents are classi-
ﬁed into one, two, or a small number of categories, in the medical
domain documents are often classiﬁed by a multitude of concepts,
often as many as tens of concepts, existing within potentially quite
different branches of the hierarchical tree (e.g., a CPG might be in-
dexed by several intermediate or leaf-nodes within Disorders as
well as within Therapies and within Anatomical sites).
Traditional text retrieval systems use the Vector Space Model
introduced by Salton and McGill [2], implemented within the
SMART system, in which terms are extracted from the document
and represented by their term frequency as a bag of words. More
modern representations for full-text retrieval presented by Sing-
hal [24]. The limitation of this approach is that humans search
in terms of concepts [25]. However, for practical reasons since
most of the search engine search expect a keywords search
phrase the users search for keywords which represent their con-
ceptual search. In the medical domain, concept-based search re-
fers to a text retrieval approach in which the document is
mapped to concepts based on its contents. Hersh’s SAPHIRE sys-
tem [6] uses an approach in which concepts used for indexing
are automatically extracted from the document. Gobeill et al.
present a framework for multi-lingual retrieval based on the mul-
ti-lingual version of MeSH [26]. In the case of documents within
biomedical domains, documents, and queries are often mapped
into large vocabularies such as the Medical Subject Headings
(MeSH) [4] or Uniﬁed Medical Language System (UMLS) [3], which
is one of the major resources offered by the National Library of
Medicine (NLM). The concepts in these vocabularies are repre-
sented in a hierarchical structure, in which the concepts at the
top are general and their sub-concepts are more detailed. This ap-
proach is somewhat limited, since users are not always familiarFig. 1. The concept ‘‘Asthma” in MeSH, decomposed to tree-numbwith the concepts in these vocabularies. Furthermore, previous
studies have shown that, compared to traditional text
(word-based) retrieval techniques, such an implementation of
concept-based search does not necessarily improve the retrieval
performance [27,28]. Other studies tried to exploit the UMLS
Metathesaurus to expand queries, thus extracting the concepts
from the query terms [29,8]. The authors found that query expan-
sion degraded aggregate retrieval performance, but some speciﬁc
instances of synonyms and hierarchy-based query expansion im-
proved individual query performance. Aronson et al. [5] compared
his methods to Srinivasan’s [30] and showed an improvement by
expanding text-based queries with both phrases and concepts
from the UMLS Metathesaurus. Neither used the hierarchical rela-
tionships of the Metathesaurus, yet reported an improvement
over a non-query-expanded baseline. Rada and Bicknell [31]
developed an algorithm to estimate the conceptual distance be-
tween documents and queries using MeSH and suggested that
MeSH can be utilized to improve retrieval performance.
2.3. Medical subject headings
The MeSH thesaurus is organized hierarchically and includes 15
concepts ‘‘trees”, consisting of descriptors (concepts). Examples of
such trees include Anatomy and Diseases. At the most general level
of the hierarchical structure there are very broad concepts (e.g,
‘Anatomy’, ‘Mental Disorders’). More speciﬁc headings are found
at lower levels of the eleven levels hierarchy (e.g., ‘Ankle’ and ‘Con-
duct Disorder’). The same concept may appear as multiple tree-
numbers within MeSH, thus, in effect, having multiple ancestors.
For example, the concept Asthma has four tree-numbers in MeSH,
having three different parents (Fig. 1). Note that intermediate con-
cepts such as Respiratory Hypersensitivity can also appear more
than once as different tree-numbers, possibly at different levels
(Fig. 1).ers, appearing in several locations in different concept trees.
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It is theoretically possible to search for certain terms only when
these appear within a speciﬁc context, or structured type, of the
text. Purcell suggested representing the clinical literature using
contextual models [32,33]. In her study, a group of domain experts
marked up the text within a set of clinical journal articles using la-
bels originating from a contextual model speciﬁc to the clinical re-
search literature. Purcell then showed that an improvement in
retrieval performance could be achieved by using contextual
search [33].
To perform a context-sensitive search in Vaidurya, documents
are expected to be structured according to a relevant (typically,
hierarchical) contextual model. For example, in the case of clinical
guidelines, a clinical editor created these contexts by labeling the
free text using a predeﬁned set of labels (e.g., eligibility conditions)
chosen from one of several standard hierarchical guideline repre-
sentation formats. Such structuring, in the case of clinical guide-
lines, uses tools such as DeGeL’s markup tool, URUZ [8], the
guideline element model (GEM) ontology-speciﬁc GEM CUTTER
tool [22], the Guideline Markup Tool (GMT) [34], or the Stepper
tool [35]. Semantic structuring can also be performed for general
medical documents, using mostly automated methods, as is the
objective of the MnM framework [36]. In the case of the DeGeL
framework, each marked up CPG is represented using semantic
tags from the target guideline ontology that was selected for it
by the URUZ user, and is represented eventually as an XML struc-
ture based on the structure of the target ontology. Thus, several
different instances of the same guideline can exist, each referring
to the same source(s), but each of them marked up (structured)
using a different guideline ontology. Therefore, Vaidurya context-
sensitive queries in DeGeL enable the users to specify within which
ontological structure and within which, respectively, specialized
knowledge roles within that ontology, should the terms be
searched, when performing a context-sensitive search.
3. Methods
3.1. The Vaidurya search and retrieval engine
The Vaidurya system is a search and retrieval engine including
concept-based and context-sensitive search within a hierarchically
organized, semantically structured document library, such as De-
GeL (and, to a lesser extent, NGC). In this section, we present its de-
tailed structure.
A query in Vaidurya is composed of a concept-based component
and a context-sensitive component, whose results are weighted
according to a predeﬁned formula.Fig. 2. The inner operator refers to the relation among concepts within the queried con
retrieval stage.3.2. Concept-based search in Vaidurya
The Vaidurya search model includes an optional speciﬁcation,
within a document-retrieval query, of one or more concepts or
sub-concepts, using a set of logical operators deﬁning the relations
among the concepts. For example, a concept-based query can con-
sist of the chosen list of concepts, ‘‘Endocrine Diseases” and
‘‘Immunologic Diseases” from the ‘‘Disorders” axis, and the logic
operator between them, is a conjunctive (and). A query can specify
also concepts from other axes; in this case there will be also a logic
operator among the axes. An example of a concept-based query is
shown at the top in Fig. 2.
Our assumption is that a conceptual hierarchy is always com-
posed of one or more concept trees (e.g., Disorders, Therapies),
determined by the roots at level 1 of the hierarchy (level 0 being
the root concept). For example, the 15 concept trees in MeSH. Thus,
medical documents, and in particular, CPGs, are assumed by Vaid-
urya to be indexed by concepts from a set of conceptual hierar-
chies, such as the sub-hierarchies of the MeSH super-hierarchy. A
CPG can be classiﬁed into multiple sub-concepts within the same
conceptual hierarchy (e.g., by several different therapy types) and
at varying levels of the conceptual hierarchy. This multiple index-
ing enables users to query for guidelines indexed by multiple con-
cepts, including cases in which the resulting instances are required
be indexed by both concepts (i.e., a conjunction).
A concept-based query includes an optional speciﬁcation of one
or more queried concepts or sub-concepts, using the logical oper-
ators conjunction (AND) and disjunction (OR), deﬁning the con-
straints on the desired relations between the queried concepts,
explicitly speciﬁed by the user.
Informally, a concept-based query includes two operator types.
The ﬁrst, called the inner operator, deﬁnes a constraint applied
among documents within the same concept tree; the second, called
the outer operator, deﬁnes a constraint to be applied among the
documents returned after application of the inner operators within
each concept trees (see Fig. 2).
Formally, givenmhierarchical concept trees indexingasetofdoc-
uments, a concept-based query Qcb is a structure fouterop½t1hinner1;
c11; c
1
2; . . . ; c
1
n1i; t2hinner2; c21; . . . ; c2n2i; . . . ; tk < innerk; ck1; . . . cknki, >,
in which the ﬁrst element deﬁnes the outer logical operator, and
the second element is a list that speciﬁes a collection of k inner que-
ries, k 6m, where each inner query j (j = 1. . .k) refers to one of them
concept trees. Each inner query is a set of queried concepts cji, in
which j is the tree id and i is the queried concept id.
During the retrieval process, ﬁrst, the documents, classiﬁed
along each queried concept cji and its descendents, are retrieved.
(We had considered the option of retrieving also the documents in-
dexed by the parents of the required indexing concepts; however,cepts tree; the outer operator refers to the relation between the trees, in the ﬁnal
Table 2
Deﬁnitions of the possibilities for the search scope value of a contextual element
Search scope Description
None No search at that element or at its descendents—elements
that do not contain any content, and their descendents’ contents
are not relevant to them
Search-self Search the element without descendents
Only-children No search at that element, search only its descendents
Children-
included
Search both the element and its descendents
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broader set of concepts will be retrieved; these documents are of-
ten likely to be irrelevant for the speciﬁed search.) Then, based on
the application of the inner operator innerj, a set of documents is
retrieved for each queried hierarchy. In the case of an AND inner
operator, the lists of documents indexed by each sub-tree of con-
cept tree j are intersected. In the case of an OR inner operator
the lists are uniﬁed. Eventually, the outer operator is applied to
the k sets of documents retrieved (one for each queried tree), inter-
secting the sets in the case of an AND outer operator, and unifying
them in the case of an OR operator, resulting in the ﬁnal set of doc-
uments retrieved for the CBS. The resultant set is later integrated
with additional types of queries, such as a full-text or a context-
sensitive search, using a weighted-average formula.
3.2.1. Context-sensitive search in Vaidurya
The context-sensitive search exploits the semi-structuring
markup process that a document, such as a CPG, undergoes in De-
GeL. To support the context-sensitive Search, we deﬁned two prop-
erties that should be deﬁned for each element of the hierarchical
contextual model (e.g., a guideline ontology) whose labels were
used to tag each segment of the text: Search Type and Search Scope.
These properties, or aspects, deﬁne the way in which an element
will be indexed, queried and retrieved (Tables 1 and 2) and can
be considered as a meta-annotation of the contextual model. For
example, a context query might search for the terms ‘‘age greater
than 18” within the context element ‘‘eligibility condition”. An
example of a context- sensitive query is shown in Fig. 3.
3.2.2. The search type
The search type aspect characterizes the type of a contextual
element for the purposes of a search engine. An element can have
only a single search type based on its contents character. Table 1
describes, for each Search Type, its deﬁnition and properties.
For example, the free text search type refers to a chunk of text,
such as the text of the section describing the entry conditions or
the abstract of the CPG. The text value and multiple text value refer
to a context that must be a text string, whose value is taken as aTable 1
Deﬁnitions of the possibilities for the search type value of a contextual element
Search type Description Querying options Relevance
measure
Free text An element containing
free text content
Keywords with
disjunction or
conjunction logic
operator
Quantitative
Text value An element that may
contain only a single
ﬁxed string value
Requested string values
with disjunction being
the only possible
relation
Boolean
Text multiple
value
An element containing
one or more ﬁxed string
values
Requested string values
with conjunction,
disjunction relations
Boolean
Date An element the content
of which represents a
calendar date
A date constraint using
operators such as ‘>’ or
‘P’, etc.
Quantitative
Numeric An element the content
of which represents an
integer value
An integer constraint
using operators such as
‘>’ or ‘P’, etc.
Quantitative
Semantic
index
An element which
represents the
conceptual classiﬁcation
of the guideline
Requested concepts
using conjunction,
disjunction operators
between indices
Boolean
Unsearchable An element that does
not have content or
whose content is
irrelevant for search
purposes
No query Not relevantsingle term, which might be of either single or multiple cardinality,
respectively. For example, the website from which the CPG was
downloaded would be a [single] text value (since there is only
one value within that ﬁeld for each guideline), while the authors’
names (which often includes names of multiple authors) is a multi-
ple text value. These [single or multiple] text values are ‘‘ﬁxed” in
the sense that we are not interested in their textual content, but we
would like to retrieve each of them as a single symbol. Unsearch-
able is assigned to a context in the mark-up ontology, which is just
a place holder that does not have any explicit content, or that can-
not be generalized from its descendents; an example is the Identity
element in the Source ontology, which is a parent node that has the
descendents: Title, Guideline Length and Release Date. The.Identity
element itself does not relate in any logical way to its descendents’
contents (it is only an aggregator for these child nodes) and thus,
its content cannot be searched.
3.2.3. The search scope
Since Vaidurya assumes that documents are represented within
different hierarchical contextual models, in which each element
may have descendents, both parent and children elements may
be targeted when searching. Sometimes there are elements that
function as headers and have no content; these elements may
sometimes use their descendents’ contents when being queried.
Using an element’s descendents will be relevant only when its
descendents are of the same Search Type as the element and when
its descendents’ contents are semantically relevant and have a re-
trieval value to the element. Thus, the Search Scope aspect has sev-
eral possible values (Table 2).
It is possible to query an element’s descendents and score-up
the result to the queried element. Using the Search Scope approach
allows broadening the query when appropriate, and taking advan-
tage of the descendents’ contents, a crucial option within a library
such as DeGeL, since CPGs are often in the process of being marked
up, and the elements’ contents are not necessarily instantiated—
possibly because they have not yet been marked up.
3.3. The Vaidurya query interface
The current Vaidurya full-query interface (in this case, as it is
used within the DeGeL system), is shown in Fig. 3. The left side
of the interface contains the optional conceptual axes (e.g., Signs
& Symptoms) at the top and the contextual models (the selected
CPG markup ontology) at the bottom (e.g., Entry Conditions),
which enables the user to query them. The right side of the inter-
face includes the user-formulated concept-based aspect of the
user’s query at the top, and the user-formulated context-sensitive
aspect of the query at the bottom. To formulate the concept-based
aspect of the query, the user selects intermediate or leaf concepts,
at any semantic level, from the conceptual axes, and deﬁnes the
internal logical relations among the concepts within each concep-
tual axis (conjunction [all] or disjunction [any]) and the external
logical relation among the concepts that belong to different con-
ceptual axes. The context-sensitive query is formulated by choos-
ing one or more ontological elements from the selected CPG
Fig. 3. The Vaidurya full-query interface, shown here in the context of the DeGeL guideline library. The query interface enables the user to search for guidelines indexed by
concepts from the different concept taxonomies and to query for the presence of certain terms within the context of different guideline ontology elements. In this case, the
user has speciﬁed for her concept-based search three conceptual axes (Treatment, Disorders, and Guideline Types) by all of whom, i.e., an external conjunction (all) the guideline
should be indexed; within each axis, the guideline should be indexed by one of, i.e., an internal disjunction (any) of its concepts. She is going to select a concept from theSigns
& Symptoms conceptual axis. She has already speciﬁed terms that should appear in one of (any) of the two guideline ontology contexts, ﬁlter condition and setup condition.
16 R. Moskovitch, Y. Shahar / Journal of Biomedical Informatics 42 (2009) 11–21ontology, and querying for terms appearing within them, as shown
in Fig. 3.
The results returned by Vaidurya are displayed by VisiGuide
(Fig. 4), a viewer which enables users to browse the retrieved doc-
uments, including their contents and the classiﬁcation of the re-
turned results. VisiGuide can display the results using any given
hierarchical contextual model.
3.4. The Vaidurya indexing and ranking algorithm
Guidelines are indexed in Vaidurya by their document ID, con-
textual (e.g., ontological model) element ID, and their content.
(Note that elements are labeled text segments that have been
marked up previously, such as, for example, by the semi-structur-
ing phase in the case of the DeGeL library, or by editors in the case
of the NGC library.) Each element’s content is indexed according to
its predeﬁned search type. A query in Vaidurya is converted into a
collection of queried elements grouped by their search type. Each
document is ranked according to the query, representing its rele-
vancy to the query. In this section, we describe the ranking
algorithm.
3.5. Indexing free text
Free text queries are ranked based on the traditional approach
in text retrieval. In Vaidurya, each free text content element is in-
dexed by the terms appearing in that element. Each text segmentgoes through a ‘‘stopping” procedure, in which common ‘‘stop-
words” such as AND, OR are eliminated and the rest of the terms
are stemmed [37] down to their linguistic root. Each term gets a
term frequency-inverse document frequency (tﬁdf) value represent-
ing a combination of the term frequency in the document and in
the entire collection. Eq. (1) shows how the term frequency of a
term is calculated. The tf value represents the relative frequency
of a term in a document or a text segment by normalizing its fre-
quency relative to the one of the most frequent term(s) in the doc-
ument or text segment. Eq. (2) shows how the tﬁdf value is
calculated based on the tf value, N, the number of items in the en-
tire collection, and n, the number of items in which the term ap-
pears. As can be seen, the tﬁdf score is high when the term i is
very frequent in the document and infrequent over the document
collection as a whole.
tfi ¼ NðtermiÞmaxðNðtermÞÞ ð1Þ
tfidfi ¼ tfi  logðN=nÞ ð2Þ3.5.1. Similarity functions
The ranking process is based on similarity functions, which
measure the relevance of each document element’s content to
the queried element. Similarity functions differ for each search
type. All of the similarity functions are Boolean, which means that
the document content is either relevant or not. The exception is the
FreeText search type, whose relevance measure is a continuous
Fig. 4. The VisiGuide interface for displaying the results of searching for an answer to an information need, in this case, within the DeGeL library. Here, VisiGuide displays
several CPGs returned as a response to a query in Vaidurya. The set of relevant CPGs can be viewed and even browsed individually in detail according to the contents of their
ontology-speciﬁc knowledge elements (e.g., Title or Entry Condition), and according to their concept-based classiﬁcations (e.g., those relevant to a particular Symptom or
Sign). The concept hierarchy on the left displays how many CPGs relevant to the query were found for each concept class or sub-class in the concept hierarchy, at any desired
level.
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selection operators in the database Standard Query Language
(SQL).
Concept-based queries include several concepts with boolean
operators between them, deﬁning a subgroup of documents classi-
ﬁed along the combination of concepts, as speciﬁed in the query.
The similarity function in this search type returns 1 when the doc-
ument appears in this group and 0 when it does not.
When a query is executed, the relevance of each of the elements
deﬁned by the query is computed. This is done using the Cosine
similarity function. Eq. (3) shows how the similarity is computed
using the Cosine function, which computes the similarity between
the query (i.e., the terms listed for each query element), where
each term in the query is qi, and the document (i.e., the terms listed
in each document element), where each corresponding term is
D. elemi, where D is a document, elem is a queried context element
in the document and i is a term in the element query q.
SimðC:elem; qÞ ¼
PN
i¼1ðC:elemi  qiÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
i¼1C:elem
2
i 
PN
i¼1q
2
i
q ð3Þ3.5.2. Ranking weights
In order to implement the ranking algorithm in Vaidurya, where
a query is a collection of different contextual (ontology) elements
of different search types, two kinds of weights were deﬁned. A
Search Type Weight (STW) deﬁnes the relative search type weight.
We assume that each search type has differing contribution and
reliability factors relative to the retrieval task. For example, in aTextValue search type element the user chooses from a given ﬁnite
list, which we consider as very reliable in terms of representing the
user needs. In the FreeText search type, the user may not enter the
correct keywords, and, moreover, the document may contain syn-
onyms. In FreeText, the user has to provide the keywords from his
own mind, and thus we consider this search type querying to be
sometimes less effective. Thus, FreeText will have a relatively low-
er weight than TextValue. The second weight is the Ontology
Element Weight (OEW); this weight represents the relative contri-
bution and reliability of a context (ontology) element. For example,
elements containing a larger segment of text have a better presen-
tation of the term frequency than those containing a smaller seg-
ment of text, in which most of the terms have the same
frequency (in such segments all the terms have the same appear-
ance). An element should be more reliable if it has a bigger seg-
ment of text, and as a result will have a heavier weight. There
are also other considerations in determining the relative weight
of each ontology element, such as how clear is the meaning of
the element to any user. Weights are acquired from a domain
expert or are based on empirical experiments and, in any case,
are set within Vaidurya.
3.5.3. The ranking algorithm
Each query Q can be viewed as a collection of queries referring
to various elements of the document ontology (including
the indexing concepts). Thus, Q = {st1= {qelem_1, qelem_2}, st2 =
{qelem_3}, . . . , stk = {qelem_n}}, where qelemi, is a query on the ontology
element whose id is i, and where the elements are grouped by their
search type stj. Each ontology element i has a weight OEWelemi and
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document is based on a similarity function that measures the rel-
evance of the document to each queried element. Eq. (4) shows
how the rank of each search type (ST) in query Q is calculated. Eq.
(5) shows how the ﬁnal rank of a document is evaluated based
on the search types ranks. Note that currently, |Q| = k = 3 for the
three search types, but in principle, new search types can be added
in the future.
RankðSTjÞ ¼
XjSTjj j
i¼1
OEWi  Simðqi;D:elemiÞ ð4Þ
RankðD;QÞ ¼
XjQ j
j¼1
STWj  RankðSTjÞ ð5Þ3.6. Evaluation of the Vaidurya search engine
An initial feasibility evaluation was performed by implementing
the Vaidurya engine and its interfaces. The Vaidurya engine was
then incorporated within the DeGeL architecture [8]. We also
asked our DeGeL clinical users for qualitative feedback regarding
its usability and functionality in that context.
A preliminary functional evaluation of Vaidurya was performed
using part of the TREC4 6 collection, which determined that Vaidu-
rya’s baseline full-text retrieval performance was reasonable, com-
pared to other known retrieval systems.
A description of the full details of the evaluation and the com-
plete results is outside the scope of this paper, which focuses on
the Vaidurya search engine and its architecture, and is described
elsewhere [38,10]. We shall only provide a brief sketch of the eval-
uation methodology and of its core results; when presenting the
results, we shall integrate these results with several more recent
results that were brieﬂy introduced elsewhere [11], which have ex-
tended the use of the inner and outer operators to all four possible
combinations.
The DeGeL library is not yet a sufﬁciently large CPG repository.
Thus, to fully and quantitatively evaluate the contribution of the
several search types implemented within the Vaidurya search en-
gine, we created a test collection based on the NGC textual CPGs
collection, which is a particularly appropriate collection for evalu-
ation of Vaidurya, since each CPG is classiﬁed along several con-
cepts, and is internally structured. For the evaluation of the
Vaidurya system’s performance within the NGC collection, we used
the NGC repository’s internal structure, which is designed for easy
reading and browsing. This internal structure includes: Clinical
Specialty, Guideline Category, Implementation Tools, Intended
Users, IOM Care Need, IOM Domain, Method of Guideline Valida-
tion, Methods Used to Analyze the Evidence, Methods Used to As-
sess the Quality and Strength of the Evidence, Methods Used to
Collect/Select the Evidence, Methods Used to Formulate the Rec-
ommendations, Organization Type, Target Population, Treatment/
Intervention.
The NGC website repository contained at the time the evalua-
tion was performed 1136 CPGs classiﬁed along the multitude
MeSH and UMLS hierarchical concepts: Disease/Conditions and
Treatment/Intervention. Each concept tree has roughly 2000 un-
ique concepts in a tree-like structure.
To create a test collection from the NGC collection ﬁve physi-
cians deﬁned 13 information needs, queries and the corresponding
judgments. Judgments are the CPGs expected to be retrieved upon
a speciﬁc query. To evaluate the three search methods, each query
had three representations: full-text query (FTQ), concept-based
query (CBQ), and context-sensitive query (CSQ). We performed a de-4 Text Retrieval Conference (TREC), http://trec.nist.gov.tailed formal evaluation of the Vaidurya search engine, comparing
the results of performing full-text search, concept-based search,
and context-sensitive search.
To measure the retrieval performance, we used the traditional
precision and recall metrics. Precision is the proportion of relevant
documents (deﬁned for a speciﬁc query within the entire collec-
tion, also called judgments) within the set of the retrieved docu-
ments, and recall is the proportion of relevant documents
(judgments) retrieved from the set of relevant documents (judg-
ments), for a speciﬁc query. We also used 11-point average preci-
sion, which is a common measurement of the combination of
precision and recall. Eleven-point average precision is computed
by averaging the precision, or interpolated, of the retrieved docu-
ments at the recall levels 0.0, 0.1, . . . ,1.0.
3.7. Experiments and results
3.7.1. Results of the Vaidurya search engine evaluation
With respect to the pragmatic evaluation, the Vaidurya engine
software design and implementation were successful, and the pre-
liminary tests within the DeGeL architecture have demonstrated
the engine’s usability and functionality. The Vaidurya system is
currently routinely used within the DeGeL project to support mod-
ules such as the Uruz markup module [8] and the Spock runtime
application engine [39]. Thus, the pragmatic evaluation showed
the system to be successful.
Even at that early phase, we received useful feedback from De-
GeL users that included comments regarding two key potential
obstacles: (1) there was some difﬁculty in the manual concept-
based indexing of guidelines within the IndexiGuide guideline-
classiﬁcation tool; and (2) the full Vaidurya interface, including
all types of searches, although providing considerable functionality
is too complex. We brieﬂy mention our proposed solutions to these
problems and some speciﬁc results already achieved with respect
to solving them, in Section 4.
Before proceeding with the functional evaluation, we performed
a set of evaluation runs on the TREC-6 collection to assess just the
full-text search and to verify that its performance is not too poor;
the results were comparable with other search engines. In addition,
to tune the search engine, we ran a preliminary evaluation with
several queries on the NGC collection, changing the relative
weights of the free text, concept-based and context-sensitive
search types (Eq. (5)), which had demonstrated little dependence
on the particular weight values; thus, we left the weights at their
default values, 1/3, 1/3, 1/3.
Fig. 5 shows a summary of the performance achieved in the ﬁrst
evaluation [10] for each searchmethod. It presents a graph of preci-
sion-recall curvesof the retrieval performance achieved for the three
different searchmethods implementedwithin the Vaidurya engine,
namely full-text, context-sensitive, and concept-based queries (FTQ,
CSQ, CBQ, respectively). The ﬁrst method is an FTQ search, which
was considered to be the baseline. The best performance achieved
when adding a CSQ search to the FTQ was when the query included
two context elements (FTQ + 2CSQ). The best performance achieved
when adding a CBQ search to a FTQwaswhen querying for concepts
selected by the user from the third level of the conceptual hierarchy
and when the disjunction logical operator was used
(FTQ + CBQ3OR).When only a CSQ search was used, the allover best
performance was achieved when using three context elements
(3CSQ). The 3CSQ also achieved the best retrieval performance at
low levels of recall. However, using the concept-based queries at
the third level, with a disjunction operator, in addition to the full-
text (FTQ + CBQ3OR) outperformed the other methods at the 0.5 le-
vel of recall. Note that, formost recall levels, all of the concept-based
search and context-sensitive searchmethods outperformed the tra-
ditional full-text search.
Table 3
The eight concept-based queries combinations
Level Outer inner Acronym
2 OR OR 2OO
2 OR AND 2OA
2 AND OR 2AO
2 AND AND 2AA
3 OR OR 3OO
3 OR AND 3OA
3 AND OR 3AO
3 AND AND 3AA
Fig. 6. The best concept-based query (CBQ) settings are presented in addition to
three baselines: A free text query (FTQ), a one-context context-sensitive query
(1CSQ) and a three-contexts CSQ (3CSQ). The dashed lines represent the respective
baselines, while the full line represents the performance with the additional CBQ.
Among the baselines, the 3CSQ (though not the 1CSQ) outperforms the FTQ. The
CBQ enhances the mean retrieval performance for the FTQ and 1CSQ baseline, and
decreases it in the case of the 3CSQ baseline, which starts at a very high level. As the
baseline is lower, the contribution of the CBQ is higher.
Fig. 5. A summary of the results of the Vaidurya search engine evaluation in its
three search modes. Precision and recall results are displayed, summarizing several
key combinations of search types. The ﬁrst curve (‘‘FTQ”) represents the full-text
search. The second curve (‘‘FTQ + 2CSQ”) represents the mean performance
achieved when a context-sensitive query (CSQ) including two context elements
was added in addition to the full-text query (FTQ). The third curve (‘‘FTQ + CB3OR”)
represents the mean performance when a concept-based query (CBQ) was used,
with concepts selected by the user from the third level of the concepts hierarchy,
using a disjunction logical operator, in addition to the full-text. The fourth curve
(‘‘3CSQ”) represents the mean performance achieved for a CSQ including three
context elements (without an FTQ). The results indicate that using a CSQ or a CBQ
improved the retrieval performance compared to the traditional full-text search,
especially when a CBQ is used in conjunction with the FTQ.
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cision at the 0.5 recall level and compared the different means
using t-tests, a procedure often recommended for evaluation of
information retrieval systems [40]. Typically, the difference in
the precision among different search methods at the low recall le-
vel was high (and statistically signiﬁcant; for all methods versus
FTQ), while at the high recall levels it was low; thus, we decided
to choose the 0.5 level of recall.
At that level of recall the trend was clear, but nonsigniﬁcant.
The 95% conﬁdence intervals for precision at the 0.5 level of recall
were: FTQ, [0.28,0.42]; FTQ + 3AND, [0.28,0.50]; 3CSQ, [0.30,0.53];
and FTQ & 2CSQ, [0.41,0.53].
3.8. Full concept-based search evaluation
In addition to the initial evaluation, we have recently performed
anevaluation focusingon the concept-based search [9]. Unlike in the
case of the ﬁrst set of experiments described above, inwhich,within
the concept-based search, the outer operatorwas always set toOR, in
this study, we performed a broader evaluation of the concept-based
search, includingall fourpossible combinationsof the twooperators,
the inner and the outer, each set to be either OR or AND. In the new
study, we wanted to examine the contribution of the CBQ to the
FTQ, CSQ, and 3CSQ baselines separately. Additionally, we wanted
to investigate in detail the best operator (inner and outer) settings
and the concept query level that optimizes the contribution of the
concept-based search for each baseline.
Threemain experimentswere designed, inwhichweused CBQ in
addition to a given baseline: (1) FTQ, (2) single CSQ, and (3) three
CSQs. In each experiment, we evaluated eight combinations of the
CBQ resulting from three variables: (1) the queried level of the hier-
archy second or third, (2) the outer logic operator having ANDor OR,
and (3) the inner logic operator having AND or OR, resulting in the
four options: OR–OR, OR–AND, AND–OR, and AND–AND. Table 3
presents all the eight combinations and the acronyms by which we
refer to the operator and level combinations when reporting the
results.Fig. 6 presents a summary of the mean retrieval performance, in
a precision-recall curves graph. For each baseline we present the
best added CBQ option.
In general, a signiﬁcant improvement was achieved when a CBQ
was used in addition to an FTQ. The best CBQ setting when query-
ing in addition to an FTQ was CBQ-3OO, that is, querying at the
third level of the concept hierarchy and having a disjunction rela-
tion in both the inner and the outer operators.
When a CBQwas used in addition to a single CSQ (1CSQ), the best
mean performancewas achieved for CBQ-3OA, whichmeans query-
ing at the third level with disjunction in the outer operator and con-
junction in the inneroperator. As in the case of FTQ, here a signiﬁcant
improvement was observed too. Querying CBQ in addition to three
CSQs decreased the mean performance of the baseline for all set-
tings. However, the best settings were for querying the third level
with disjunction in the inner and the outer operators (3CSQ + 3OO).
Note that the 3CSQbaselinewas higher than the FTQ and1CSQbase-
lines. It can be seen that as the baseline performance is higher the
CBQ contribution is lower. Additionally, when the baseline is low,
it is better to use conjunction in the operators; andwhen it is higher,
it is better to use disjunction, especially in the outer operator.
4. Discussion
We have demonstrated the feasibility of designing and imple-
menting a functional full-text, concept-based, and context-sensi-
tive search engine for clinical, semi-structured documents that
are classiﬁed into several levels of several conceptual hierarchies.
In the case of the concept-based search, the queries use concepts
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cepts and to their ontological descendents are retrieved based on
internal and external logical operators deﬁned by the query among
the concepts. Furthermore, we have demonstrated the potential
value of concept-based and context-sensitive search in addition
to full-text search, at least within a relatively signiﬁcant-size elec-
tronic clinical-guideline repository, and especially when base-line
precision is low.
Although the described search-and-retrieval framework is a
general one, we evaluated the approach on a collection of textual
CPGs, whose effective search and retrieval is one of our main objec-
tives, as explained in Section 1.
Indexing the documents along multiple-hierarchical semantic
axes, such as is done by the NGC Disorders and Therapies axes, or by
the seven indexing hierarchies currently implemented in the DeGeL
framework, supports a concept-based search, in which the user
explicitly indicates in the querymultiple concepts fromone ormore
semantic axes.
Themarkup process that a CPG goes through, for examplewithin
the DeGeL architecture, using the URUZ hybrid (multiple-format)
mark-up and speciﬁcation tool for the gradual conversion of the
CPG into an executable representation; or as part of the segmenta-
tion manifested through the XML representation format within the
NGC repository, presents us, besides the capability to use concept-
based search, with an exceptional opportunity to query a digital
guideline library using context-sensitive methods. Further opportu-
nities will undoubtedly present themselves due to the recent work
on automated semantic markup of documents, in particular clinical
ones, as mentioned earlier. In the case of Vaidurya, the context-sen-
sitive search is based on a contextualmodel created by themark-up
process, i.e., by labeling the text using a particular target guideline
ontology.
Combining several types of search based on weighting schemas,
such as in text retrieval, and Boolean chemas in the case of concep-
tual retrieval were used also in Text Categorization [41], knowl-
edge based text retrieval [42,43], question-answering [44]. Our
use in this study of concept-based search is somewhat different
from previous work, which has not often demonstrated an
improvement; this difference in method might explain the
enhancement in results achieved here. Concept-based indexing in
the medical domain often uses concepts that are extracted auto-
matically from the text contents, usually referring to the MeSH
conceptual hierarchy. Similarly, the user’s query (also a document)
is converted automatically into a concept query, and matched
against all the indexed documents, as in the case of the PubMed
tool. In contrast, the concept-based queries in Vaidurya are speci-
ﬁed explicitly by the user. In addition, the libraries we have applied
it to (DeGeL and NGC) use mostly manual indexing. Our experi-
mental results show that the concept-based search improved the
retrieval performance when used in addition to full-text and con-
text-sensitive queries [10,11].
One of the limitations of the current study is that we had per-
formed before the main experiments a preliminary experimenta-
tion with multiple different settings, using an automated test and
a small set of judgments; changing the relative weights of the three
search types did not seem to change the performance, so the
weights were left as uniform. However, future experiments with
multiple additional queries might be needed to better validate
these preliminary default settings.
During the performance of our study, there were two potential
obstacles to the use of concept-based and context-sensitive search
that were mentioned by the DeGeL and Vaidurya users; we have
since then attempted to address both. The ﬁrst obstacle mentioned
in our preliminary experiments was that the CBQ and CSQ search
interface, although powerful, was highly overloaded from the point
of view of a casual clinical user. It displays both the semantic axesused by the concept-based search and the target ontology’s seman-
tic roles, which are used by the context-sensitive search. To over-
come this potential problem, we developed and presented
elsewhere new interfaces that are simpler and that we expect to
be signiﬁcantly more user-friendly. These interfaces offer several
versions of the search screen, each at a different sophistication le-
vel, all customizable by the user [45]. In addition to these custom-
izable interfaces, which mainly select contexts from the selected
document’s contextual model, we have also developed a query
interface in which clinicians assisted by a medical informatics ex-
pert can create query templates for end users, who are not familiar
with the underlying context model, and possibly not even with the
speciﬁc medical domain in which they wish to search [46]. A sec-
ond potential obstacle to the use of concept-based search, men-
tioned by IndexiGuide users within the DeGeL library, was the
need for the manual classiﬁcation of each new document added
to the digital library (unless originally classiﬁed by the author
using the same semantic axes; even in that case, additional indices
are often useful for the Vaiduyra engine purposes), potentially a
time-consuming task even for an expert mark-up tool editor.
Non-satisfactory indexing may conceivably harm the precision of
the concept-based retrieval method. Thus, we have developed an
automatic classiﬁer that classiﬁes new guidelines along multiple
semantic hierarchical axes, based on a given set of guidelines pre-
viously classiﬁed using the same axes. The guideline-classiﬁer thus
proposes to the human editor, given a new guideline, a set of paths
(i.e., both intermediate and leaf nodes) in the concept hierarchy, by
which the new guideline might be indexed, thus signiﬁcantly
facilitating the task of multiple-hierarchical indexing of the new
guideline. We have rigorously evaluated the new automated-clas-
siﬁcation approach within the NGC framework, with encouraging
results [47].
Our conclusions are thus that the Vaidurya engine’s concept-
based and context-sensitive search and retrieval methods are both
usable and useful, and that the potential obstacles to their effective
use are likely to be overcome with appropriate user-friendly inter-
face designs and by automated support to the process of concept-
based classiﬁcation.
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